The low frequency noise is a phenomenon observed in some PWR reactors causing an influence on the normal operational behavior of the power plant. Fluctuations in the neutron flux density, in the low frequency range up to 4Hz, generate noise in the neutron instrumentation (in-core and ex-core neutron detectors) that could affect to the limitation and protection system of the reactor core, even it can activate a scram signal due to high neutron flux.
INTRODUCTION
The low frequency neutronic noise, oscillations in the neutron flux that can be caused by fluctuations in the thermal-hydraulic parameters in the core inlet [1] , appear frequently in the KWU-PWR reactors with economizer in the steam generator. This phenomenology has been continuously detected in the commercial operation of KWU nuclear reactors. The low frequency fluctuations in the neutron flux density, generate noise in the neutron instrumentation that could affect to the limitation and protection system of the reactor core, even it can activate a scram signal due to high neutron flux.
In order to perform a study of this phenomenology, a neutronic and thermal-hydraulic model for a three-loop PWR-KWU reactor core have been done using the previously developed CTF/PARCSv2.7 coupled code [2] .
The study is designed with the goal of understanding the behaviour of the core kinetics when an inlet temperature perturbation is applied. To study the low frequency noise a set of sinusoidal perturbations with the same amplitude but different frequencies are simulate with CTF/PARCSv2.7 coupled code in two operational conditions: the Beginning Of Cycle (BOC) and End Of Cycle (EOC). This paper is organized as follows: in the second section the thermal-hydraulic and neutronic model of CTF and PARCSv2.7 codes is presented, together with a description of the methodology applied in this research work. The third section contains the validation of the developed models using the steady state results for BOC and EOC operation conditions and the SIMULATE-3K (S3K) [3] code as a reference; in the fourth section are discussed the results of the low frequency noise analysis and finally the conclusions of this study are presented.
MODELS AND METHODOLOGY
In order to know the neutron kinetics response of a three-loop KWU PWR reactor core against the low frequency noise, a set of inlet mass flow perturbations have been simulated with the CTF/PARCSv2.7 coupled code. The core has 177 fuel elements, being the number of rods per fuel element equal to 236 with 20 guide tubes. The operating conditions corresponds to hot full power (HFP), where the nominal power and the core flow are of 3010 MWth and 15605.6 kg/s respectively.
In this section is presented the description of the thermal-hydraulic and neutronic models of the KWU-PWR reactor core, together with the coupling scheme of the CTF/PARCSv2.7 coupled code. Whereas that the methodology followed during the simulations of this study is presented in the last subsection.
Thermal-hydraulic model
The thermal-hydraulic model was developed for the 3D subchannel code CTF [4] . The code features two-fluid, three-field representation of the two-phase flow. The three fields are continuous vapor, continuous liquid, and entrained liquid drops in the annular flow region. The three fields' conservation equations for multidimensional flow are discretized using a semiimplicit finite difference technique with donor cell differencing for the convective quantities. Formed in this way, a set of algebraic equations must be solved simultaneously for each cell as well as for the entire computational domain in order to obtain parameter distributions for the different fields.
The CTF model consists of 534 flow channels divided in three different axial sections with 178 channels each one. The active core are represented by the second axial section and it is divided in 34 axial nodes, while the first and third axial sections have 4 axial nodes and represent the lower and upper plenum respectively. In summary, the active core has 177 flow channels corresponding with the active core and another one for representing the whole bypass and the upper and lower plenum are represented by the same number of flow channels in the upper and lower axial sections. The thermal structures of each fuel assembly are modelled with two heat structures: a heated heat structure representing the 236 fuel rods of the fuel bundle and another unheated heat structure that represents the guide tubes. The Fig. 1 shows the radial scheme (channel numbers) of the CTF model of the core. 
Neutronic model
The neutronic model has been developed for the widely proven neutron diffusion code PARCS v2.7 [5] , which was coupled with CTF in previous works [2] . As can be seen in Fig. 2 , this model consist in a 3D mesh of 241 x 34 nodes, in which the active core has 177 x 32 nodes. For the cross sections tables, it has been considered 1379 different isotopic compositions according to the fuel assembly design and the burn-up, 1376 corresponding with the active core and 3 for the top, bottom and surrounding reflector nodes respectively. The cross section sets were generated using the SIMTAB methodology, developed in the Universitat Politècnica de València (UPV) together with Iberdrola. This methodology is fed with data from CASMO4-SIMULATE codes and generates the cross sections as a function of the fuel temperature, moderator density, boron concentration and control rod insertion. 
Coupling scheme
The coupling scheme previously developed between CTF and PARCS is based on an external data exchange. The coupling algorithm used the General Interface (GI) routines implemented in PARCS and new routines added to CTF code to make possible the communication and data exchange on a Parallel Virtual Machine (PVM) environment, as can be seen in the scheme of the Originally, an auto-mapping routine implemented in CTF is provided a robust averaging methodology to adapt the data for different neutronic and thermal-hydraulic nodalizations when the number of neutronic and thermal-hydraulic nodes are proportional, most of the cases in which the whole core or a group of fuel bundles are simulated. However in more complete CTF models, like the developed in this work that include the plenums of the core, could be necessary an external file to provide the correspondence between thermal-hydraulic and neutronic nodalizations (mapping).
This file, so called MAPTAB, has been added to the original coupling scheme and it contains the information about the correspondence between sub-channels and heat structures in the thermal-hydraulic model with the nodes of the neutronic model.
Simulation methodology
The simulation methodology used for the coupled code starts with the cross section generation with the SIMTAB methodology, using the outputs files of CASMO-SIMULATE codes and the grouping criterion selected by the user, the cross section for the different compositions are tabulated as functions of the fuel temperature, moderator density, boron concentration and control rod insertion. After the cross sections and the input decks for the coupled code are ready, the simulation procedure starts with a stand-alone steady state with the themal-hydraulic code CTF, this first simulation initialize the hydraulic and thermodynamic variables for speed-up the convergence of the coupled simulation. Then the procedure continue with a coupled steady state simulation with CTF/PARCSv2.7 codes, this run is useful to verify the correctness of the models and cross sections, previously generated, by means of the comparison of power profiles and core eigenvalue with the results of the reference code S3K. Finally, once the validity of the models and cross sections were assured, the coupled transient simulations are run playing with the boundary conditions for perturbing the model and recreate the desired scenario.
STEADY STATE RESULTS
In this section of the study, the validation of the cross sections and models developed for CTF/PARCSv2.7 in order to do the low frequency noise analysis is described. As noted previously, the study was done for two operational conditions, BOC and EOC, using different cross sections and boundary conditions for each case. Thus, the validation has been done separately for both scenarios.
Beginning of Cycle Steady State Results
The comparison between the axial power profile between CTF/PARCSv2.7 and S3K and the relative error in the radial power profile calculated with both codes are represented in the Figs. 4 and 5. As can be seen the relatives error in the power profiles are very small and the power profiles are practically coincident in the BOC case. These results confirm the validity of the model and the selection of cross sections for the BOC case. 
End of Cycle Steady State Results
As in the previous section, in the Figs. 6 and 7 are plotted the comparison between the axial power profile between CTF/PARCSv2.7 and S3K and the relative error in the radial power profile calculated with both codes for the EOC case. The shape of the axial power profile are similar, but the results confirm that the errors both axial and power profiles are greater than in the BOC case, as it was expected. This is due to the high burn-up of the nuclear fuel in the EOC operational state. For obtaining a low relatives error in the power profiles, the neutronic model would need a greater number of isotopic compositions in the cross section set. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33 Table 1 shows the summary of the results obtained in the coupled steady state cases for both operating conditions. These values confirm the validity of the cross section and models developed for carrying out the low frequency noise study in both operational points. As previously explained, the errors obtained in the EOC case are greater than in the BOC case, but for both simulation scenarios the root mean square errors of the power profiles are within the admissible range of 5%. Additionally, the keff calculated by CTF/PARCSv2.7 are in good agreement with the reference of S3K code, the absolute errors are of 206.8 and 372.5 pcm for the BOC and EOC cases respectively.
Summary of the Steady State Results

INLET TEMPERATRE PERTURBATION ANALYSIS
The results of the inlet temperature perturbation analysis are presented in this section. In order to carry out this study, a set of 39 sinusoidal perturbations with the same amplitude (G = 1K) but different frequencies (f = 0.1-3.1Hz) were performed for each operational point. The perturbed values applied to the inlet temperature boundary conditions obey to the Eq. (1).
The simulations performed cover almost all the range of low frequency noise (up to 4 Hz). As a result the maximum amplitude calculated during the 39 transients for the power and mean coolant temperature in the BOC and EOC cases is obtained. The Fig. 8 shows the power oscillation amplitude, as percentage of the nominal power, for both operational points in the frequency range covered by the study. As can be easily seen, the power amplitude is greater for the EOC case due to the high moderator temperature reactivity coefficient existing under the high burn-up conditions of the EOC. Moreover, in the Fig. 8 it can be observed a maximum in the amplitude in the zone of 0.3Hz of frequency for both cases, and the amplitude of the power decreases considerably when the frequency is higher than 1Hz. On the other hand, Fig. 9 shows the amplitude of the oscillation for the mean coolant temperature of the core. The mean temperature shows similar trends for both operational points, with a maximum of about 0.5K in the range of 0.7Hz of frequency.
Therefore, in the region surrounding the 0.3Hz exists a critical point at which a temperature perturbation with this frequency could develop significant power oscillations at the end of the fuel cycle.
CONCLUSIONS
The low frequency neutronic noise, oscillations in the neutron flux caused by fluctuations in the thermal-hydraulic parameters, come out in some PWR-KWU reactors with economizer in the steam generator, producing some operational problems such as power reductions or even scrams. In order to study this phenomenology has been developed a CTF/PARCSv2.7 model of three-loop PWR-KWU core. The CTF/PARCSv2.7 coupled code allows a complete tridimensional analysis due to the 3D character of both codes.
The coupled code models and cross sections have been validated against the reference code S3K, for the BOC and EOC operational conditions. Both axial and radial power profiles as well as the effective multiplying factor (keff) show good agreement with respect to the reference values.
A set of sinusoidal inlet mass flow perturbations with different frequencies have been simulated with the CTF/PARCSv2.7 coupled code in the BOC and EOC conditions. The power and outlet temperature amplitudes of the fluctuations have been analyzed with respect the frequency of the perturbation, providing an overview of the phenomenology observed in the real PWR reactor cores.
